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ABSTRACT 

The concept t h a t  the eiqht qimbal s e rvoac tua to r s  
on t h e  fou r  outboard engines  of the  S-I1 stage can be used 
as s t r a i n  gauges t o  h e l p  i n t e r p r e t  t h e  POGO loads  on the  
thrust cone i s  developed herein. 

T h i s  i s  the  case because t h e  (15 Hertz)  POGO 
s i g n a l s  do n o t  propogate through the a u t o p i l o t ,  do n o t  
g e n e r a t e  a c t u a t o r  commands and do n o t  r e s u l t  i n  a c t u a t o r  
displacements ,  i .e . ,  engine  gimbal l ing.  But they  do create 
p r e s s u r e  d i f f e r e n t i a l s  across t h e  a c t u a t o r  p i s t o n  which can 
be r e l a t e d  t o  t h e  f o r c e s  app l i ed  a t  t h e  a c t u a t o r  a t t a c h  
p o i n t s ,  one of  which i s  on the t h r u s t  cone and the o t h e r  on 
t h e  engine b e l l .  S ince  a vol tage  i s  produced which is  
p r o p o r t i o n a l  t o  the  forces app l i ed  between t w o  p o i n t s ,  t h i s  
e f f e c t i v e l y  produces a s t r a i n  gauge. 

I 

The expanded traces of  these d i f f e r e n t i a l  p r e s s u r e  
measurements show t h a t  t h e  14.7 Hz POGO s i g n a l  i s  i n  phase 
on  a l l  e igh t  a c t u a t o r s  and is synchronous w i t h  the  c e n t e r  
engine l o n g i t u d i n a l  v i b r a t i o n .  Such s i g n a l s  i n d i c a t e  r ad ia l  
f o r c e s  which r e s u l t  i n  no p i t c h ,  yaw or  r o l l  moments on the  
v e h i c l e .  

Two traces, engine 2 and 3 p i t c h ,  show s i g n i f i c a n t  
d i s t o r t i o n  of t h e  s i n u s o i d a l  waveform f o r  t h e  s e v e r a l  c y c l e s  
j u s t  p r i o r  t o  shutdown of t h e  c e n t e r  engine.  Such s i g n a l s  
could be due t o  bad d a t a  and several types  of in s t rumen ta t ion  
f a i l u r e s  are considered.  B u t  they do n o t  e x p l a i n  the p a r t i c u l a r  
f e a t u r e s  of t h e  d i s t o r t i o n .  The a l t e r n a t i v e  that  these 
d i s t o r t e d  data  t r u l y  r e p r e s e n t  s t r u c t u r a l  response du r ing  t h e  
pe r iod  of maximum POGO amplitude l eads  t o  sugges t ions  of non- 
l i n e a r  and non-c i rcu lar  deformation of t h e  t h r u s t  cone which 
is d i f f i c u l t  t o  understand. 
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INTRODUCTION 

During POGO on SA-508 (Apollo 13)  t h e  S - I1  c e n t e r  
engine  experienced +34 g ' s  l o n g i t u d i n a l  a c c e l e r a t i o n .  There 
has  been cons ide rab ie  i n t e r e s t  i n  t h e  response of t h e  t h r u s t  
cone and c e n t e r  engine beam t o  t h i s  load as i t  was nea r ly  
equa l  t o  t h e  u l t i m a t e  c a p a b i l i t y  of  t h e  s t r u c t u r e .  For 
a p o s s i b l e  i n s i g h t  i n t o  t h e  s t r u c t u r e s  response ,  w e  ob ta ined  
an o s c i l l o g r a p h i c  record ing  of the outboard engines  p i t c h  
and yaw a c t u a t o r  d i f f e r e n t i a l  p re s su res .  

These d i f f e r e n t i a l  p r e s s u r e  t r ansduce r s  a r e  mounted 
i n  t h e  hydrau l i c  c i r c u i t  of t h e  s e r v o a c t u a t o r s  which p o s i t i o n  
each outboard engine i n  p i t c h  and yaw about  i t s  gimbal block; 
they  measure t h e  d i f f e r e n t i a l  p r e s s u r e  across t h e  servo- 
a c t u a t o r  p i s t o n .  One end of the a c t u a t o r  i s  f i x e d  t o  t h e  
S - I 1  t h r u s t  cone, t h e  o t h e r  end i s  a t t a c h e d  t o  t h e  engine  
b e l l ,  as seen  on F igure  1. Each outboard engine  can be gim- 
b a l l e d  - +6 degrees  by t h e  fo rces  caused by t h e  hydrau l i c  
p re s su re .  I f  an e lectr ical  s i g n a l  from t h e  a u t o p i l o t  would 
command a change of hydraul ic  p r e s s u r e ,  a s e r v o  loop w i t h  
mechanical feedback would n u l l  o u t  t h e  p r e s s u r e  change as 
soon as the  a c t u a t o r  achieved t h e  d e s i r e d  p i t c h  o r  yaw angle .  

DESCRIPTION O F  FLIGHT DATA 

Data from previous f l i g h t s ,  such as t h a t  conta ined  
i n  t h e  S-11-3 p o s t f l i g h t  r e p o r t ,  show t h a t  t h e  (15 Hertz)  
POGO s i g n a l s  do n o t  propogate through t h e  a u t o p i l o t ,  do n o t  
gene ra t e  actuator cormlands and do n o t  resuit i n  actuator 
displacements ,  i .e . ,  engine gimbal l ing.  However, d i f f e r e n t i a l  
d e f l e c t i o n s  a t  t h e  a c t u a t o r  a t t a c h  p o i n t s  do apply f o r c e s  t o  
the a c t u a t o r .  To the e x t e n t  t h a t  t h e s e  f o r c e s  would t end  
t o  cause a c t u a t o r  displacements ,  such displacements  would be 
sensed by t h e  mechanical feedback c a m .  S ince  there i s  no 
e lec t r ica l  i n p u t  command f o r  such a displacement ,  t h e  feedback 
loop  w i l l  gene ra t e  a d i f f e r e n t i a l  p r e s s u r e  across t h e  a c t u a t o r  
p i s t o n  t o  oppose a c t u a t o r  displacement.  T h i s  i s  a f e a t u r e  of t h e  
s e r v o  loop t o  e l i m i n a t e  t h e  e f f e c t s  of load  v a r i a t i o n s .  Thus t h e  
d i f f e r e n t i a l  p re s su re  measurements ( i n  the absence of  e l ec t r ioa l  
commands) e f f e c t i v e l y  make each a c t u a t o r  a s t r a i n  gauge between 
i t s  attach p o i n t s .  
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A segment of  t h e  a c t u a t o r  p r e s s u r e  record ings  j u s t  
p r i o r  t o  c e n t e r  engine cu to f f  (CECO) has  been reproduced i n  
F igu re  2 .  F u l l  scale p res su re  va lues  a r e  shown a t  t h e  r i g h t  s i d e  
of each t r a c e .  These measurements w e r e  telemetered on a channel 
w i th  a sampling ra te  of 1 2 0  t i m e s  p e r  second and an amplitude 
g r a n u l a r i t y  of 0 . 1  p e r c e n t  f u l l  scale. Therefore  t h e  s i g n a l  
i s  a c c u r a t e l y  measured a t  t h e  i n s t a n t  t h a t  it i s  sampled, and 
t h e  staircase appearance of t h e  trace is  due t o  t h e  "holding" 
of t h i s  va lue  u n t i l  a new sample  i s  a v a i l a b l e .  

Figure 2 shows t h a t  t h e  hydrau l i c  f o r c e s  on t h e  
a c t u a t o r s  of a l l  engines  a r e  i n  phase wi th  each other  and t h i s  
i s  i n d i c a t i v e  of simultaneous r a d i a l  "motion" o f  a l l  t h e  engines  
at a 1 4 . 7  T T - - L -  - -Le  

I n e i L a  L a L C .  (See Figure 3 f o r  engine  o r i e n t a t i o n . )  
Such rad ia l  "motion", of course,  does n o t  r e s u l t  i n  any n e t  
p i t c h ,  yaw o r  r o l l  moments on the  v e h i c l e .  Comparison wi th  t h e  
c e n t e r  engine l o n g i t u d i n a l  v i b r a t i o n  osc i l l og ram ( n o t  inc luded  
h e r e i n )  shows t h a t  t h e  outboard engine a c t u a t o r  p r e s s u r e  f o r c e s  
are synchronous wi th  t h e  center  engine l o n g i t u d i n a l  o s c i l l a t i o n s  
du r ing  t h e  t i m e  i n t e r v a l  displayed on Figure  2. 

I n  o rde r  t o  examine t h e  p o s s i b i l i t y  o f  a c t u a t o r  d i s -  
placement under t h e  s e v e r e  condi t ions  of SA-508, w e  ob ta ined  
t h e  se rvoac tua to r  e longa t ion  measurements ( n o t  inc luded  h e r e i n ) .  
Even wi th  high a m p l i f i c a t i o n  of t h e  o s c i l l o g r a p h i c  recorder, 
t h e r e  w a s  no movement which could be c o r r e l a t e d  t o  t h e  215 Hertz 
l o n g i t u d i n a l  o s c i l l a t i o n  as seen i n  t h e  s e r v o a c t u a t o r  d i f f e r e n -  
t i a l  p r e s s u r e  record ing .  

OBSERVATIONS 

The gene ra l  cha rac t e r  of t h e  measurements o f  F igure  2 
i s  t h a t  a l l  t h e  a c t u a t o r  pressures  a r e  e q u a l l y  and l i n e a r l y  
responding t o  t h e  POGO v i b r a t i o n s  of t h e  s t r u c t u r e .  This  would 
i n d i c a t e  t h a t  t h e  s t r u c t u r a l  response has c i r c u l a r  symmetry. 
S ince  t h e  p r e s s u r e  measurements can  be r e l a t e d  t o  t h e  f o r c e s  
and/or d e f l e c t i o n s  a t  t h e  a c t u a t o r  a t t a c h  p o i n t s ,  t h e s e  d a t a  
might be u s e f u l  i n  t h e  s t r u c t u r a l  a n a l y s i s  o f  t h e  t h r u s t  cone 
response of t he  POGO f o r c i n g  func t ion .  

Besides t h e s e  genera l  c h a r a c t e r i s t i c s  t h e r e  a r e  
s e v e r a l  s p e c i f i c  and d i s t u r b i n g  f e a t u r e s  i n  t h e  d a t a  of Figure 2 .  
During t h e  pe r iod  of maximum POGO amplitude ( j u s t  p r i o r  t o  CECO) 
t h e  engine 2 and 3 p i t c h  a c t u a t o r s  show s i g n i f i c a n t  d i s t o r t i o n  
of t h e  s i n u s o i d a l  waveform, and they show l a r g e  nega t ive  ampli- 
t u d e s  which are approximately 80 pe rcen t  of f u l l  scale. The 
q u e s t i o n  i s  are t h e s e  f e a t u r e s  due t o  t h e  in s t rumen ta t ion  system 
o r  do they r e p r e s e n t  s t r u c t u r a l  response.  
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Three p o s s i b l e  in s t rumen ta t ion  system anomalies 
are: 
p r e s s u r e  t ransducer  vo l t age  i s  de r ived ,  a bad s p o t  on t h e  po ten t io -  
m e t e r  and a te lemet ry  channel problem. 

a bouncing wiper a r m  on t h e  poten t iometer  from which t h e  

A wiper arm bounce would produce zero vo l t s  (equiva- 
l e n t  t o  -4000 p s i d ,  wi th  +5 v o l t s  e q u i v a l e n t  t o  +4000 p s i d ) .  
But F igure  2 shows t h a t  t h e  s i g n a l  d i d  n o t  bottom ou t .  

The repea ted  negat ive  va lue  on t h e  engine  3 p i t c h  
waveform would sugges t  a potent iometer  bad s p o t .  
nega t ive  va lues  f o r  the engine 2 p i t c h  waveform are d i f f e r e n t  
f o r  each cyc le .  

But t h e  

The presence of  t h e  d i s t o r t i o n  on more than one wave- 
form (even engine 2 yaw waveform shows some evidence o f  t h e  
same d i s t o r t i o n )  makes i t  d i f f i c u l t  t o  a t t r i b u t e  t h e  cause  t o  
i n d i v i d u a l  t ransducers .  And t h e  t i m e  coincidence of t h e  d i s t o r -  
t i o n  sugges t s  a te lemet ry  channel problem. But t h i s  i s  denied 
by t h e  absence of t h e  d i s t o r t i o n  on t h e  o t h e r  waveforms, a l l  of 
which were on t h e  same te lemet ry  l i n k .  

Therefore  w e  are l e f t  wi th  t h e  p o s s i b i l i t y  t h a t  t h e  
d i f f e r e n t i a l  p re s su re  had a d i s t o r t e d  t i m e  h i s t o r y  and t h e  
measurements do indeed c o r r e c t l y  r e f l e c t  t h i s  h i s t o r y .  I t  should 
be noted  t h a t  t h e  15 H e r t z  POGO s i g n a l  i s  probably pushing t h e  
bandwidth l i m i t a t i o n  of t h e  t ransducer .  Therefore ,  it i s  even 
more problemat ic  t o  accep t  the  i n d i c a t e d  p r e s s u r e  change w i t h i n  
t h e  sampling i n t e r v a l ,  v i z .  1/120th of  a second! 

t i o n  a s  t r u l y  due t o  t h e  s t r u c t u r e s  response)  r a i s e s  a 
new series of  ques t ions .  Such a d i s to r t ed  response would 
i n d i c a t e  a l o c a l i z e d ,  non-l inear  s t r u c t u r a l  deformation,  t h a t  
is ,  a non-c i rcu lar  response of t h e  t h r u s t  cone. F igure  3 shows 
t h a t  t h e  a c t u a t o r s  w i t h  t h e  most d i s t o r t i o n ,  2-P and 3-P, are 
p a r a l l e l  t o  each o t h e r ,  b u t  t h e  f i g u r e  i s  n o t  drawn t o  scale. 
The a t t a c h  p o i n t s  a r e  very c l o s e  t o  t h e  engine gimbal p o i n t s .  
This  raises t h e  ques t ion  a s  t o  why t h e  waveforms o f  t h e  p i t c h  
a c t u a t o r s  of t w o  d i f f e r e n t  engines a r e  more a l i k e ,  t han  those 
o f  t h e  p i t c h  and yaw a c t u a t o r s  of one  engine.  Could it be some 
major deformation of t h e  t h r u s t  cone between t h e  2-P and 3-P 
a t t a c h  p o i n t s ?  

Proceeding t o  t h e  a l t e r n a t i v e  (accept ing  the  d i s t o r -  

One known dissymmetry is  t h e  way t h e  c e n t e r  engine  
loads  are app l i ed  t o  t h e  cen te r  engine cross-beam. The J-2 
engine  used i n  the c e n t e r  l o c a t i o n  i s  in te rchangeable  w i t h  
t h o s e  used a t  t h e  outboard l o c a t i o n s ,  t h a t  i s ,  it has a gimbal 
and t w o  gimbal a c t u a t o r  a t tach p o i n t s .  Since t h e  S-I1 f l i g h t  
c o n t r o l  scheme does n o t  u se  gimbal l ing of t h e  c e n t e r  engine ,  
f ixed- length  rods are connected between t h e  engine a t t a c h  p o i n t s  
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and a t t a c h  p o i n t s  on t h e  cross-beam. These a t t a c h  p o i n t s  a r e  
on t h e  beams t h a t  go towards the  engine 1 and 2 l o c a t i o n s .  
I t  i s  d i f f i c u l t  t o  r e l a t e  t h i s  l oad ing  dissymmetry towards 
engines  1 and 2 t o  a response dissymmetry o f  engines  2 and 3! 

of  t h e s e  
a c t u a t o r  
shown i n  
q u i e t .  

SUMMARY 

I 1  \ 
\ L J  

( 2 )  

(3 )  

( 4 )  

I t  should be  noted t h a t  F igu re  2 shows a smooth decay 
a c u t a t o r  p re s su res  a f t e r  CECO. Also the engine  3 yaw 
showed a POGO response e a r l y  i n  t h e  S - I1  burn ( n o t  
F igure  2 )  whi le  t h e  o t h e r  a c t u a t o r s  w e r e  comparat ively 

The S-XI outboard 
tend  t o  move them 
t h e  c e n t e r  engine 

Only engine 3 yaw 
i n  t h e  f l i g h t .  

engiries r e g i s t e r e d  f o r c e s  which would 
r a d i a l l y  i n  synchroniza t ion  w i t h  
l o n g i t u d i n a l  motion dur ing  POGO. 

a c t u a t o r  f o r c e s  w e r e  observed e a r l y  

The d i f f e r e n t i a l  p ressure  t r ansduce r s  of a l l  e i g h t  
a c t u a t o r s  showed l a r g e  amplitudes dur ing  t h e  POGO 
pe r iod ,  b u t  no corresponding p i s t o n  motion could be 
d e t e c t e d  du r ing  t h i s  t i m e  per iod .  

The engine 2 and 3 p i t c h  p r e s s u r e  measurements show 
high-amplitude, d is tor ted s i n u s o i d a l  s i g n a l s  which 
cannot be simply discharged as bad d a t a  no r  e a s i l y  
accepted a s  s t r u c t u r a l  response.  7, 
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FIGURE 1 -SIMPLIFIED DIAGRAM OF S-ll OUTBOARD ENGINE SERVOACTUATORS 
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FIGURE 3 - S-I1 ENGINE ACTUATOR ORIENTATION 


